We recently designed, built and commissioned a new pinhole / filter assembly for the equatorial hard x-ray imager (eHXI) at the National Ignition Facility (NIF). In this paper we describe the design and metrology of the new diagnostic as well as the spectral and spatial response of the hard x-ray detector. The new eHXI assembly has improved the photon collection efficiency along with spectral and spatial resolution by making use of 1D imaging channels and various hard x-ray filters. In addition we added a Ross pair filter set for Au K-alpha emission (67-69 keV). The new eHXI design will improve our understanding of the sourcing of hot electrons, generated in laser-plasma-instabilities, along the vertical hohlraum axis. This information is an important input for simulating and eventually limiting the DT fuel preheat in ICF implosions.
INTRODUCTION
Indirect drive inertial confinement fusion (ICF) aims at producing nuclear burn conditions in deuterium-tritium (DT) fuel by ablation of a capsule internally lined with a DT ice layer 1 . X-rays, generated from laser heating, ionization and excitation within the interior of a gas-filled gold hohlraum that surrounds the capsule, drive the ablation process. Two parametric laser plasma interaction mechanisms in the gas-fill, stimulated Raman scattering (SRS) or two-plasmon decay (TPD) can lead to hot electron generation that may preheat the DT fuel limiting the convergence ratio at peak compression and thus not allowing enough time for the hotspot to ignite. The primary hot electron pre-heat diagnostic at the National Ignition Facility (NIF) is the time-resolved, spatially-integrating filter-fluorescer experiment diagnostic (FFLEX) 2, 3 . To complement FFLEX, multi-pinhole imaging diagnostics for high energy x-rays have been developed to study the hot electron distribution in the hohlraum 4, 5 and the amount of high energy electrons stopping in the plastic fusion capsule 6, 7 . While indirect-drive ICF implosion experiments [8] [9] [10] [11] [12] [13] aim to limit hot-electron production by minimizing laser intensities and choice of hohlraum size, shape 14 and gas-fill density, spatially-integrated hard x-ray Bremsstrahlung measurements show up to 5% energy fraction into hot electrons 3 . Spatially resolved hard x-ray imaging has also shown the potential for beaming of hot electrons from the laser entrance hole early in the laser pulse 15 . For a better understanding of the sourcing of hohlraum generated hot electrons at peak power we use the equatorial hard x-ray imager (eHXI), a permanently installed, time-integrating 700 µm resolution pinhole imager in the equatorial plane of the National Ignition Facility (NIF) target chamber, recording images of hohlraum targets at photon energies between 20 and 100 keV in inertial confinement fusion implosion experiments. eHXI is in operation since May 2011 and a detailed overview of the diagnostic can be found in Döppner et al. 5 , which documents the configuration through November 11, 2015 . This paper describes the re-design of the pinhole pattern and filter setup that has been fielded on the NIF since November 12, 2015. The new pinhole / slit / filter assembly adds 1D imaging slits that allow us to record vertically resolved hohlraum images at average x-ray energies of 50, 56, 60, 70 and 84 keV while improving the collection efficiency and signal-to-noise ratio. Two higher resolution slits (resolution = 280 μm) record vertically resolved hohlraum x-ray emission at average x-ray energies of 50 and 56 keV. Finally a Ross pair filter set measures gold K-alpha x-ray emission at 67 to 69 keV. In what follows we describe the design and metrology of the new diagnostic (section 2). k.
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Subsequently we describe the spectral response of the new imaging channels (section 3) and summarize initial results and performance improvements in section 4. We conclude by giving an outlook on future work to further improve our understanding of hot-electron generation that can impact ICF performance.
DIAGNOSTIC SETUP

Design
eHXI is located in the equatorial plane of the NIF target chamber in (θ, ϕ) = (90, 110). This diagnostic uses the center channel of the filter-fluorescer experiment diagnostic (FFLEX) (see Figure 1) . In order to allow for precise horizontal alignment, the new pinhole pattern is not directly mounted onto the central flange of FFLEX that holds photomultiplier tubes 9 and 10 (PMT9, PMT10). Instead a pivoting mounting plate is permanently installed onto the flange, allowing for angular adjustments of the pinhole / filter assembly. The pinhole filter assembly displayed in Figure 2 is designed to stay assembled and if necessary can be taken off the mounting plate in one piece to be replaced with other assemblies. 100µm Cu The improved pinhole assembly greatly simplifies operational procedures as the previous assembly had to be taken completely apart when removed from the FFLEX flange. The pinhole / filter assembly consists of two, 2.5 mm thick tungsten plates. Vertical and horizontal slits with a nominal width of 250 μm or 100 μm have been cut into the tungsten plates using electrical discharge machining (wire EDM) in order to form 22 imaging apertures at specified locations (see Figure 3 ). As shown in Figure 1a ), the nominal source to pinhole distance is 7415 mm and the nominal pinhole to detector distance is 4058 mm yielding a magnification of M = 0.55.
There are 12 square apertures each with a nominal area of 250 μm x 250 μm (locations 7 -18). The images obtained with those pinholes are referred to as channel 1, have the same spectral content and can therefore be averaged yielding a single pinhole image with improved signal-to-noise ratio (SNR). Channel 1 is designed to be equal to channel 1 of the previously installed pinhole / filter assembly in order to allow for direct comparisons with images obtained with the previous assembly. Channels 2 and 3 from the previous assembly 5 have been replaced with 10 horizontal slits, which have a nominal length of 2 mm, which will average over a full 6 mm hohlraum diameter at 0.548 x magnification. The two slits on the top left have a nominal vertical width of 100 μm and allow for higher-resolution 1D imaging of the hohlraum axis. All other slits have a nominal vertical width of 250 μm. Their orientation allows for 1D imaging along the vertical hohlraum axis while the larger open area improves photon statistics in comparison to the square pinholes. Slits and pinholes are separated so that standard hohlraum targets including x-ray backlighters can be imaged without overlap of neighboring images on the image plate. Attached to the two tungsten plates is an aluminum frame, which serves as a filter holder. As shown in Figure 3 , various x-ray filters have been installed in front of most of the imaging slits so that spatially resolved spectra can be extracted from the images. As in the previous eHXI setup, the images are recorded with an MS image plate 17 .
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Pinhole / filter assembly metrology
The new pinhole / filter assembly was metrologized using optical and x-ray diagnostics, which will be described in what follows. Initially the vertical and horizontal slits of both tungsten plates have been analyzed with an interferometer in order to measure the extent of the tapered edges. It was found for both plates that the taper is mostly negligible and less than 10 μm at any position. After assembly, the height and width of each pinhole / slit was measured using an optical microscope with 252x magnification and backlit imaging. Table 1 summarizes the measured pinhole / slit dimensions according to the locations shown in Figure 3 .
The thickness of each filter foil was measured using a precision length gauge before being cut into pieces and glued with water-soluble glue into the filter holder. Table 2 summarizes the design and measured thicknesses of the filters, which partly consist of multiple layers of foils of the same material in order to reach the design thickness. The uncertainties that result in the quoted thickness range of the mechanical measurements result from an actual thickness variation across the individual foils and the pressure that is applied to the foil during the measurement with the length gauge. Usually the stiffer foils are not pressed perfectly flat against the reference surface resulting in overestimating the thickness. On the other hand, the foils can be slightly compressed when the tip of the length gauge is pressed against the surface resulting in underestimating the actual thickness. Complementary x-ray transmission measurements have been made of the final pinhole / filter assembly in order to infer filter thicknesses, the results of which are summarized in the last column of Table 2 . Here the eHXI pinhole / filter assembly was mounted on a motorized stage in front of a filter-fluorescer highenergy x-ray (HEX) source and transmitted x-rays were measured with a Canberra HPGe spectrally resolving detector. A 2.5 mm diameter lead aperture that defines the impinging x-ray beam waist was placed in front of the pinhole assembly to ensure that measured x-rays are not scattered through neighboring apertures. Each aperture of the eHXI assembly was aligned onto the source-detector axis using an optical autocollimator, and orthogonal alignment of the assembly with regard to the source-detector axis was achieved by tilting the assembly until a maximum x-ray throughput was reached for several pinholes before measurements were started. Satisfactory beam-pinhole-detector alignment was verified by using the motorized stage to take two consecutive photon flux/transmission measurements in agreement, for each aperture at 0.1 mm translations apart in the plane of the eHXI assembly, ensuring that the 2.5 mm beam encapsulated each pinhole / slit without any clipping. The measurements made use of 3 different fluorescers, namely Hf, W and Pb, and the transmitted spectra were recorded for each filter material described in Table 2 . The spectra that were recorded for the Hf, W and Yb filters are shown in Figure 5 . Here, the fluorescer K-alpha and K-beta emission lines as well as the drop in signal at the K-edges of each filter material are clearly visible. Each spectrum can be normalized by the open aperture area, which is obtained either using the metrology data or the x-ray spectra measured without filters in place. The filter thickness can then be inferred by multiplying the normalized spectrum obtained from an open reference aperture with the theoretical transmission curve of the filter. Adjusting the theoretical filter thickness until the reference spectrum fits the measured transmission spectrum, gives an estimate of the actual filter thickness. Uncertainties yielding the reported range of thicknesses shown in the last column of Table 2 are due to variations in results obtained with the different fluorescers and possibly caused by a combination of source instabilities, aperture alignment variations and background variations.
SPECTRAL RESPONSE
The spectral sensitivity of the upgraded eHXI diagnostic is discussed in what follows. Typical spectra produced by hohlraum emission consist of two temperatures with different energy contents yielding a spectrum similar to what is shown in Figure 6 . This spectrum is transmitted through various opaque materials shown in Figure 7 (a) and further attenuated by the filters installed in the pinhole / filter assembly (see Table 2 ). X-rays emitted inside the hohlraum are transmitted through the 30 μm thick hohlraum wall and the surrounding 300 μm thick Al thermo-mechanical package (TMP). For simplicity we do not account for the hohlraum wall curvature, which leads to an increased chord length towards the hohlraum sides. X-rays are then filtered by a NIF target chamber window (5 mm Kapton) and the FFLEX flange window (5 mm Kapton) and further attenuated by the various channels of the eHXI pinhole / filter assembly. A 150 μm thick aluminum foil is installed in front of the image plate to prevent visible light exposure. Transmission curves through the different channels are shown in Figure 7 (b) and 8(b). Multiplying the emission spectrum with the image plate sensitivity shown in Figure 6 and dividing the product by the x-ray energy yields a spectrum with units of (PSL / keV / sr). The spectral image content can then be calculated for each channel by multiplying this spectrum with the transmission curves and the solid angle of each aperture, the result of which is displayed in Figures 7(c) and 8(c) for the classical hohlraum case. Here, gold K-alpha and K-beta lines have been removed to enhance clarity. Figure 7(d) shows the resulting spectral image content for an emission source with 5 keV temperature and an emitted energy of 200 J without attenuation by a hohlraum. Figure 7 (c,d) also shows the spectrally weighted average x-ray energies for each channel excluding the content of line emission. The upgraded eHXI pinhole / filter assembly also has a Ross pair filter set installed. Its spectral response is shown in Figure 8 for a typical hohlraum experiment and will enable measuring gold K-alpha hohlraum emission. 
INITIAL RESULTS AND PERFORMANCE IMPROVEMENTS
A neutron attenuating lead aperture limits the number of channels that can occupy the center channel of the FFLEX diagnostic. Based on the magnification and the typical target dimensions, this limits the number of channels of the eHXI pinhole / filter assembly to about 22. X-ray emission from hohlraum targets decays fast with increasing x-ray energies. In order to maintain good photon statistics and a large signal-to-noise ratio (SNR) the previous eHXI assembly made use of multiple pinholes with the same spectral content so that pinhole images could be averaged to improve the photon statistics. This limited the spectral resolution of the detector to only 3 channels in the previous assembly (Ch1, Ch2 (500 μm Cu), Ch3 (1 mm Cu)). The new eHXI pinhole / filter assembly increases the spectral resolution by introducing 5 more channels (100 μm Cu, 200 μm Cu, Hf, Yb and W) while maintaining or improving photon statistics. This is achieved with the limited number of imaging apertures by introducing 1D-imaging slits that increase the solid angle by 6x in comparison to the solid angle of a pinhole in channel 1 (Ch1, pinholes 7 -18, Figure 3 ). Pinhole images of ICF hohlraum experiments obtained with the previously installed eHXI pinhole / filter assembly typically yield low Signalto-Background (SBR) ratios (SBR < 1). As the SNR scales like SNR = S/sqrt(S+B), the SNR is improved by making use of imaging slits versus pinholes. In the case of ICF hohlraum experiments the dominant source of background is neutrons. Here a background of 1 PSL (photostimulated luminescence units) is generated when ~ 2.4 neutrons deposit their energy in a pixel of the image plate (1 neutron deposits about 1 MeV in the image plate). Similarly, 1 PSL of x-ray signal is generated when ~ 48 photons at 50 keV deposit their energy. This ratio allows us to estimate the SNR for hohlraum experiments with neutron-dominated backgrounds:
where E x-ray is the photon energy in MeV, S is the signal level and B is the background level. For large backgrounds, equation (1) shows the advantage of using a slit instead of integrating multiple pinhole images as the background gets integrated as well. This is shown in Figure 9 , comparing SNRs of Ch1 (12 pinhole images) with slit 2. Also shown is that replacing Ch2 (3 pinhole images) and Ch3 (6 pinhole images) from the previous eHXI assembly with slit 20 and slit 5 further improves the SNR. Figure 10 shows the scanned image plate of a hohlraum driven Deuterium-Tritium ICF implosion experiment (N160509-002, 575 scale DU hohlraum). Here the 22 images obtained with the new pinhole / filter assembly are clearly visible. The circular lead aperture, installed in front of the FFLEX flange, frames the images. The background level in between the images, which is mainly caused by neutrons, is 10 PSL and reduced to an average of 8.8 PSL outside of the lead aperture. With an average (peak) PSL level of 12.4 (16.3) in the slit 2 image the average (peak) SBR is 0.24 (0.63). In contrast to this, the average (peak) PSL level of pinhole 13 is 10.8 (11.7) yielding an average (peak) SBR of 0.08 (0.17).
For slit 2, we expect therefore a 1.3x to 1.5x increase in SNR compared to the 12 averaged pinhole images of Ch1 (compare with Figure 9 ). Similarly, we expect a 3.2x increase in SNR for slit 5 (Ch5) compared to the 6 averaged pinhole images of the previously installed Ch3, and we expect a 4.5x increase for slit 20 (Ch4) compared to the 3 averaged pinhole images of the previously installed Ch2. Figure 11(d,e) show the vertical lineout of the detected photons (assuming 50 keV photons only) and the resulting SNRs based on the neutron background (using equation (1)). Note that despite more photons were detected in Ch1, the SNR of slit 2 is larger. Based on the measured signal and background levels in Ch1 and slit 2 the SNR ratio can be estimated along the vertical lineout, which is shown in Figure 11 (f). For an SBR in between 0.08 and 0.17 of a single pinhole image, the SNR improvement when using slit 2 versus Ch1 is predicted to be in between 1.3 to 1.5, which is in reasonable agreement with what is shown in Figure 11 (f). Note the decrease of SNR ratio in between the two inner beam features due to reduced signal.
While Channel 1 of the new eHXI assembly was kept equal to the previous assembly (in order to allow for direct comparisons with previous shots), the new assembly also has 2 higher-resolution slits with a nominal area of 2000 μm x 100 μm. With a magnification of M = 0.5475 the spatial resolution of the regular pinholes and slits is R = d Aperture x (M+1) / M = 735 μm, with d Aperture = 260 μm. The high-resolution slits 1 and 4 have a 2.6 times better spatial resolution of R Slits 1,4 = 280 μm. This can be seen when calculating lineouts from slit images (locations1, 2, 3 and 4) of a small x-ray source generated by using NIF's advanced radiographic capability (ARC) laser that heated a 30 µm diameter gold wire (N160302-001, see Figure 12 ). Here the broadening in the low-resolution slits 2 and 3 is clearly visible. The full width at half maximum of FWHM = 740 μm, confirms the spatial resolution of slits 2 and 3, as the source size is smaller than the slit width in those cases. 
OUTLOOK
Because of the relatively large uncertainties in the measured filter transmissions, we plan to re-calibrate all filters in situ by analyzing a variety of NIF shots. The modular design of the new eHXI pinhole / filter assembly accommodates easy changes to filters if desired. The additional copper channels that have been implemented in the new eHXI assembly will allow us to extract more detailed spectral imaging information with better SNR and thus allow a spatially resolved quantitative analysis of hot electron production, complementary to the spatially integrating FFLEX. This will allow us to determine the main sources of hot electron generation. Introducing a spatially integrating channel with a wedged filter would allow measuring a continuum spectrum that can be used to infer temperatures from Bremsstrahlung 18, 19 . In order to increase the number of imaging channels, as well as image resolution and SNR, eHXI could be moved to a dedicated chamber port, which does not have the limiting lead aperture of FFLEX. In addition different imaging concepts like horizontally imaging slits or penumbral imaging 20, 21 could be used in order to enhance 2D imaging resolution and SNR. Penumbral imaging using a circular aperture with several centimeter diameter could increase SNR significantly, potentially allowing for imaging at energies above 90 keV. Finally, in order to reduce the operational cost and raise the overall efficiency of the EHXI system, an electronic readout alternative is being designed to replace the image plate. The design parameters for this digital detector, derived from analyzing the key image characteristics, were determined to be 50 micron pixel pitch, 100 x 70 millimeter image size, 10 -100 keV x-ray sensitivity range, 30% quantum efficiency up to 55 keV, and at least a 1MRad lifetime dosage. Meeting the image size, sensitivity range, and lifetime dosage parameters in the same detector is the main challenge in this search. The Shad-o-Box 3K HS from Teledyne Dalsa appears to meet most of these design parameters with minor losses in quantum efficiency and resolution. This detector is a Flat-Panel Detector (FPD), which consists of a scintillator / phosphor material that converts x-ray to visible photons, and a CMOS photodiode array or Charge-Coupled Device (CCD) that converts those visible photons into counts. In the case of the Shad-o-Box, a radiation tolerant CMOS array is used as the internal sensor. The expected improvement to operational cost and efficiency of the eHXI diagnostic would contribute to advancement in more novel detectors such as the gated CMOS which detects the x-ray photons and then closes the shutter to eliminate the damage and noise generated by subsequently arriving neutrons.
